Context. The X-ray emission from Herbig Ae/Be stars remains to be explained. In later-type T Tauri stars, X-rays are thought to be produced by magnetically trapped coronal plasma, although accretion-shock induced X-rays have also been suggested. In earlier-type (OB) stars, shocks in unstable winds are thought to produce X-rays. Aims. We present the first high-resolution X-ray spectrum of a prototypical Herbig star AB Aurigae), measure and interpret various spectral features, and compare our results with model predictions. Methods. We use X-ray spectroscopy data from the XMM-Newton Reflection Grating Spectrometers and the EPIC instruments. The spectra are interpreted using thermal, optically thin emission models with variable element abundances and a photoelectric absorption component. We interpret line flux ratios in the He-like triplet of O  as a function of electron density and the UV radiation field. We use the nearby co-eval classical T Tauri star SU Aur as a comparison. Results. AB Aurigae reveals a soft X-ray spectrum, most plasma being concentrated at 1-6 MK. The He-like triplet reveals no signs of increased densities as reported for some accreting T Tau stars in the literature. There are also no clear indications of strong abundance anomalies in the emitting plasma. The light curve displays modulated variability, with a period of ≈ 42 hr. Conclusions. It is unlikely that a nearby, undetected lower-mass companion is the source of the X-rays. Accretion shocks close to the star would be expected to be irradiated by the photosphere, leading to alteration in the He-like triplet fluxes of O , which we do not measure. Also, no indications for high densities are found, although the mass accretion rate is presently unknown. Emission from wind shocks is unlikely, given the weak radiation pressure. A possible explanation would be a solar-like magnetic corona. Magnetically confined winds are a very promising alternative. The X-ray period is indeed close to periods previously measured in optical lines from the wind.
Introduction
Herbig Ae/Be stars, first defined by Herbig (1960) , are young intermediate-mass (≈ 2 − 10 M ) stars predominantly located near star-forming dark clouds. They show emission lines in their optical spectra, and their placement in the Hertzsprung-Russell diagram proves that they are pre-main sequence stars (Strom et al. 1972 ). Herbig stars may therefore be considered to be intermediate-mass analogs of low-mass T Tauri stars (TTS), and in particular of their accreting variant, the classical T Tau stars (CTTS). The analogy between Herbig stars and CTTS extends to infrared excess emission indicative of heated circumstellar material (e.g., disks) and photometric variability. Herbig stars are important in the study of star formation because their evolutionary scenario is intermediate between that of low-mass and highmass stars. In the former class, the accretion phase, dispersal of the circumstellar disk, and onset of hydrogen burning occur sequentially in time whereas in the latter, the stars enter their Send offprint requests to: A. Telleschi main-sequence phase while still being embedded and accreting, making their study much more difficult.
Like their main-sequence descendants, B and A-type stars, Herbig stars are generally supposed to be radiative in their interiors. The lack of a thick convection zone would make the operation of a solar-like α − ω dynamo impossible, and hence no magnetic fields are expected at the surface of these stars except possibly fossil magnetic fields trapped in the star since the initial cloud contraction phase. However, transient convection may be present in some of these stars during a short phase of deuterium burning in a shell, opening the possibility that some dynamogenerated, non-potential fields develop (Palla & Stahler 1993) ; alternatively, a dynamo powered by rotational shear energy may generate some surface magnetic fields in rapidly rotating, accreting Herbig stars as well (Tout & Pringle 1995) . Although difficult to detect, magnetic fields have recently been measured on several Herbig stars, with (longitudinal) field strengths up to a few 100 G (Donati et al. 1997; Hubrig et al. 2004; Wade et al. 2005) . In spectropolarimetry studies of 50 Herbig stars, Wade et al. (2005) detected magnetic fields in 5 of them and discussed these stars to be progenitors of the magnetic Bp/Ap stars. Praderie et al. (1986) have suggested magnetic activity in AB Aur based on their observations of periodically variable blue wings in the Mg  line of this star. Whatever the generation mechanism of magnetic fields, it may be important to include circumstellar disks in the model as the magnetic fields may attach to the inner border of the disk so that they directly interact with accreting material. Moreover, the presence of magnetic fields may also be important in the presence of stellar winds, because the wind could then be magnetically confined and the plasma could be shock-heated to X-ray temperatures (e.g., Babel & Montmerle 1997 ). We will address this point in Sect. 6.3.
X-ray emission is among the best tracers of magnetic fields in stars, although it equally well diagnoses wind or accretion shocks. Damiani et al. (1994) and Zinnecker & Preibisch (1994) were the first to systematically study X-ray emission from Herbig stars with the Einstein X-ray observatory and ROSAT, respectively. They reported surprisingly high detection rates of 11/31 and 11/21, respectively. These (and subsequent) studies have investigated X-ray emission in the context of other stellar parameters, with the following principal results: i) The X-ray luminosity, L X , increases with the effective temperature (T eff ) and the stellar bolometric luminosity (L * ), although the ratio L X /L * ≈ 10 −6 − 10 −5 is higher than in O stars (L X /L * ≈ 10 −7 ) but lower than in T Tau stars (L X /L * ≈ 10 −4 − 10 −3 ). ii) L X is not correlated with the projected equatorial velocity v sin i (Damiani et al. 1994; Zinnecker & Preibisch 1994) , thus pointing either to a magnetic dynamo saturation effect or to X-rays not related to dynamo-driven magnetic fields. iii) L X does correlate with indicators of disks, accretion, and outflow such as infrared excess, mass accretion rateṀ, and wind velocity or wind momentum flux. The latter finding may support a non-magnetic origin of the X-rays, for example shocks in unstable winds analogous to more massive O stars (Damiani et al. 1994; Zinnecker & Preibisch 1994) .
On the other hand, variability, flares, and extremely high electron temperatures > 10 MK clearly favor magnetic processes (Hamaguchi et al. 2000 Skinner et al. 2004; Giardino et al. 2004; Stelzer et al. 2006a ) whether based on dynamogenerated or fossil magnetic fields near the star, or star-disk magnetic fields. Surface convection plays an important role in transferring energy into magnetic fields by stirring the magnetic footpoints, a process that leads to coronal heating and mass ejections on the Sun and in magnetically active stars. If the convection zones are shallow as in late-A or early F-type main-sequence stars, then the magnetic dynamos appear to operate rather inefficiently, leading to modest X-ray luminosities of coronal sources that reveal very soft spectra (Panzera et al. 1999) . If convection is absent -as in main-sequence A-type stars -then fossil magnetic fields are unlikely to build up non-potential configurations although magnetic activity is widespread among chemically peculiar Bp/Ap stars (Drake et al. 1987 (Drake et al. , 1994 . Alternatively, however, winding-up magnetic fields connecting the star with the inner circumstellar disk may episodically release energy through reconnection, thus heating plasma and possibly ejecting plasmoids that contribute to jets often seen in young stars (Hayashi et al. 1996; Montmerle et al. 2000; Hamaguchi et al. 2005) .
Alternatively, X-rays have been suggested to be formed in accretion shocks in the CTTS TW Hya based on its exceptionally soft X-ray spectrum, indications for high electron densities (≈ 10 13 cm −3 ), and anomalous abundances of N and Ne. Swartz et al. (2005) proposed a similar scenario for the Herbig star HD 163296 based on its unusually soft spectrum (kT ≈ 0.5 keV).
A caveat is that the majority of Herbig stars are binaries or multiples (Feigelson et al. 2003) . A close, unidentified T Tau companion that hides in the strong optical light could easily produce the observed X-rays because X-ray luminosities and electron temperatures of Herbig stars are often quite similar to those of T Tau stars (see for example Stelzer et al. 2006a ). This emission is commonly interpreted as solar-type coronal magnetic activity. The binary hypothesis has become a relevant model for flaring X-rays in at least two Herbig stars (MWC 297, Hamaguchi et al. 2000 ; field stars discussed as alternative Xray sources and companion discovered by Vink et al. 2005 ; and V892 Tau, Giardino et al. 2004 ; an 1.5-2M companion was discovered by Smith et al. 2005) . Stelzer et al. (2006a) studied a sample of 17 Herbig stars observed with Chandra and detected 13 of them in X-rays. Of these 13 stars, 7 have a known visual or spectroscopic companion that could be the source of the observed X-rays. Only 35% of the detected sources cannot be explained by known companions. In the latter work, X-ray properties of Herbig stars are found to be very similar to X-rays properties of CTTS, leading to two possibilities: either the mechanism of the X-ray generation is similar for the two types of stars, or the X-rays are generated by (partly unknown) low-mass companions.
We report here the first high-resolution X-ray spectrum of a Herbig star, AB Aurigae, obtained with the Reflection Grating Spectrometer (RGS) on board XMM-Newton. Only the high resolution spectrum gives access to He-like line triplets, which yield information on densities or UV radiation fields in X-ray emitting regions. This, in turn, constrains the source location and extent (Behar et al. 2004) . Further high-resolution spectroscopy enables accurate abundance determination using individual spectral lines (including lines of N and O forming at low temperatures and located at long wavelengths), and, together with CCD spectra obtained with the European Photon Imaging Cameras (EPIC), accurate thermal modeling. Our analysis shows that AB Aur is another very soft source with a moderate X-ray luminosity, but there are no signs of increased electron densities or elevated abundances. We will use the nearby, co-eval, classical T Tau star SU Aur as an ideal comparison star to identify fundamental differences in these X-ray sources with largely differing interiors.
The structure of our paper is as follows. We describe our target in Sect. 2. We then present our data reduction procedures in Sect. 3. Sect. 4 presents our results from the X-ray spectroscopy, and Sect. 5 analyzes information from the He-like triplet of O . We discuss possible models in Sect. 6, and conclude in Sect. 7. Table 1 summarizes the basic properties and the principal Xray parameters of AB Aur. For comparison, the properties of the Herbig star HD 163296, that has been reported to reveal a soft Xray spectrum (Swartz et al. 2005) , and parameters of the CTTS SU Aur are also reported (see also Sect. 4 & Sect. 6) .
AB Aur
New, preliminary estimates of the surface temperature (T eff ) and stellar luminosity (L * ) of AB Aur have been derived using the method developed by Fitzpatrick & Massa (1999) . By utilizing the available UV (IUE: SWP + LWP) through optical (photometric: UBV) data, the energy distribution can be modeled with surface fluxes represented by Kurucz's ATLAS13 atmospheric models (Kurucz 1993) . See DeWarf et al. (2003) for a more detailed description of this procedure and how it was implemented for SU Aur. A complete description of this analysis, as it pertains to AB Aur, is in preparation (DeWarf et al., in preparation). Skinner et al. (1993); 12 Blondel et al. (1993) 13 Herbig & Bell (1988); 14 deWarf & Fitzpatrick, private communication; 15 Deleuil et al. (2005) ; 16 Böhm & Catala (1993); 17 Hillenbrand et al. (1992) ; 18 Baines et al. (2006) ; 29 Corder et al. (2005) ; 20 Hartmann & Stauffer (1998) ; 21 Roberge et al. (2001) ; 22 Robrade & Schmitt (2006) ; 23 this work. X see XEST survey results and tables in Güdel et al. (2006) for derivations and references.
The rotation period of AB Aur is controversial. Recent observations suggest an inclination angle i ∼ 21.5
• (Corder et al. 2005 and references therein), that would suggest, using vsini and the radius from Table 1 , a rotation period P = 12.9 hr. For an extreme value of i = 70
• previously reported for the disk inclination (see references in Corder et al. 2005) , we obtain P = 33 hr. A period of this order is supported by modulations in Ca  lines ) and in photospheric lines (Catala et al. 1999 ) that reveal periods P = 32 − 34 hr (see Sect. 6.1 for a detailed discussion).
To our knowledge, no direct detection of surface magnetic fields of AB Aur has so far been obtained. Catala et al. (1999) estimated an upper limit to the strength of the magnetic field of 300 G.
Observations and data analysis
AB Aur was detected in an XMM-Newton (Jansen et al. 2001 ) observation pointing at the nearby CTTS SU Aur (separation between SU Aur and AB Aur: ≈ 2.5 ). The observation was retrieved from the archive as part of the XMM-Newton Extended Survey of the Taurus Molecular Cloud (XEST) described in Güdel et al. (2006) (XEST observation number of AB Aur: XEST-26-043, and of SU Aur: XEST-26-067). Table 2 summarizes the observing parameters. The two European Photon Imaging Cameras (EPICs) of the MOS type (Turner et al. 2001) and the Reflection Grating Spectrometers (RGSs; den Herder et al. 2001) were active during the observation, while the EPIC PN camera was out of operation. Both MOS instruments observed in full frame mode and used the thick filter to suppress excessive optical load from AB Aur. The EPIC detectors operate in the energy range of 0.15-15.0 keV with a medium spectral resolution of approximately E/∆E = 20 − 50. The RGSs are suited for high-resolution spectroscopy in the wavelength range of 6-35 Å and have a resolution of ∆λ ≈ 60 − 76 mÅ. The RGS detectors contained the dispersed spectra of both AB Aur and SU Aur with sufficient separation to make mutual spectral contamination negligible (see below). The spectrum of SU Aur has recently been discussed by Robrade & Schmitt (2006) . The data were reduced using the Science Analysis System (SAS) version 6.1. The EPIC MOS data were reduced using the task emchain and the sources were detected using the maximum likelihood detection algorithm emldetect (see Güdel et al. 2006 for further details). To extract the two spectra from each RGS detector, we proceeded as follows. We first applied the standard processing performed by the RGS metatask rgsproc to each source position. We extracted the total (source+background) spectra and the background spectra separately. For both SU Aur and AB Aur, we included 85% of the cross-dispersion Point Spread Function (PSF) as also done by Telleschi et al. (2006) (xpsfincl = 85) . For the background, the exclusion region with regard to the cross-dispersion PSF and the inclusion region of the pulse-height distribution were kept at default values (95% of the PSF and 90% of the pulse-height distribution, respectively, i.e., xpsfexcl = 95 and pdistincl = 90). We verified that this way the spatial extraction regions on the detector were adjacent to each other but not overlapping. This means that each spectrum collects approximately (100-85)/2 = 7.5% of the counts of the other spectrum. The contamination is such that counts from SU Aur are shifted in wavelength by approximately -0.4 Å in the AB Aur spectrum within the wavelength range of interest here (12-22 Å), and contaminating counts from AB Aur are shifted by +0.4 Å in the SU Aur spectrum.
The background defined for each source outside its source extraction region is now still contaminated by the other source. Therefore, we defined the coordinate of the secondary source (AB Aur for the SU Aur spectrum and vice versa), added them to the source list using the rgssources task, and computed a new extraction map, with the secondary source excluded from the background, using the rgsregion task. Finally, we extracted each spectrum again, using only the regions outside the SU Aur and AB Aur source regions for the background spectra. The background for the AB Aur spectrum is extracted outside the two adjacent source regions. The background portion on the far side of the SU Aur spectrum again comprises approximately 7.5% of the SU Aur source counts. Because this background spectrum is subtracted from the total spectrum extracted at the AB Aur position, the contamination is approximately corrected for. Further considering the low S/N, the similar line fluxes in both spectra, and the line-dominated spectrum of AB Aur (see below, while most of the counts in SU Aur are in continuum and therefore distributed in wavelength), the mutual contamination is negligible and much below the noise level. For example, no significant mutual contamination is seen by the strong O  lines above the noise level in either of the spectra (see presentation of the RGS spectra in Fig. 3 below) . The periods affected by high background flaring were excluded from the spectral analysis.
Because we wanted to put weight on the high-resolution spectra obtained with RGS, we performed the data analysis on both RGS spectra, adding only the short-wavelength portion of one of the two MOS detectors in order to access line features of Mg, Si and Fe that are important for our abundance analysis (see Telleschi et al. 2005) . As in Telleschi et al. (2006) , we used MOS1 for SU Aur for this purpose, while for AB Aur, we preferred MOS2 because an unidentified background feature distorted the MOS1 spectrum around a wavelength of 9.3 Å (not present in MOS2). The wavelength intervals of each instrument used for the data analysis are summarized in Table 3 . As a check, we confirmed our results by using the entire useful energy range of MOS (0.2-10 keV), and the results are consistent with those reported here.
We fitted the spectra in XSPEC (Arnaud 1996 ) using optically-thin collisionally-ionized plasma models calculated with the Astrophysical Plasma Emission Code (APEC; Smith et al. 2001) . In order to account for calibration discrepancies between the RGS and the MOS instruments, we added constants as effective-area renormalization factors. These factors were fixed at 1.0 for MOS and at 1.05 for both RGS (see Kirsch et al. 2004 ).
Since we used the χ 2 -statistic for our spectral fitting, we binned the spectra to a minimum of 20 counts per bin for the RGS and a minimum of 15 counts per bin for the MOS. The resulting bin width varies between 0.04 Å (in the O  line) and 0.73 Å (just longward of the O  Lyα line) in the RGS, and between 0.15 Å and 1.4 Å in the MOS spectrum.
For AB Aur the hydrogen column density N H was fixed at the value found in the XEST survey analysis, namely 5 × 10 20 cm −2 , which is consistent with the recent measurements of A V = 0.25 mag reported by Roberge et al. (2001) , assuming a standard conversion N H ≈ 2.0 × 10 21 A V applicable to the interstellar medium (Vuong et al. 2003, and references therein) . This value agrees quite well with the N H found explicitly by Roberge et al. (2001) , N H = 4.4 × 10 20 cm −2 . For SU Aur, we needed to fit N H in order to get a good fit to the RGS spectra.
The spectra were fitted with two different models: a model describing a differential emission measure distribution (EMD) approximated by two power laws as used in the XEST survey analysis , and a model with two or three isothermal plasma components. For both models we applied a procedure in which we simultaneously fitted large wavelength intervals of the three spectra with template spectra computed in XSPEC. Alternative, iterative methods based on extracted line fluxes are not feasible given the low S/N ratio of our spectra.
There are only a few explicitly measurable lines, and each set of lines from a given element is confined to a narrow formation temperature interval. Also, such methods cannot be applied to MOS CCD data. Previous studies have shown excellent agreement between iterative methods and the method applied here (Telleschi et al. 2005 ). The EMD model is approximated by a grid of isothermal components spaced regularly by 0.1 dex in log T in such a way that the lower-T and the higher-T portions are each described by a power law. This model has been suggested from our previous work on high-resolution X-ray spectroscopy of young solar analogs (Telleschi et al. 2005) , and is described by
where T 0 is the temperature where the two power-laws cross, and EM 0 is the EM per log T at this crossing point. The slopes of the power laws below and above T 0 are α and β, respectively. The power laws have high-energy and low-energy cut-offs at log T = 8 and log T = 6, respectively. Given the poor energy resolution of CCDs below 1 keV, we fixed α at a value of +2 throughout the XEST survey, and we will do so here for comparison. A slope of 2 is compatible with findings from DEM analyses in other premain sequence and main-sequence active stars (Argiroffi et al. 2004; Telleschi et al. 2005) . However, because the X-ray emission of a Herbig Ae/Be star could be non-coronal, or the coronal thermal structure could be unlike that in late-type T Tau stars, it is possible that the simplified EMD model proposed here is inappropriate. In a separate approach, we will therefore also fit α. Further, because the power-law EMD structure might be inappropriate, we will test our results using a multi-temperature model that can reveal the temperatures where most EM resides. We therefore analyzed the AB Aur spectra with a 2-component model. A third component was not needed, given the low signal-to-noise ratio of the spectrum and, as we will describe below, its rather narrow range of temperatures in which emitting plasma is found. Because spectral lines are formed over an interval of typically 0.3 dex in temperature, a temperature range of 2-7 MK (the range of formation temperatures present in the spectrum) will require no more than two thermal components. We also analyzed the SU Aur spectra with a 3-component model.
For both approaches, we fitted the abundances of the lines observed in the spectra simultaneously with the thermal models. Abundances that do not show significant features in the spectra, such as those of C, S, Ar, Ca and Al (and N for SU Aur), were fixed at the values used in the general XEST survey data analysis (C=0. 45, N=0.788, S= 0.417, Ar=0.55, Ca=0.195, and Al=0.5, Güdel et al. 2006) . These abundances were arranged in such a way that they describe a weak "inverse First Ionization Potential Effect" (higher FIP implies higher abundances relative to the photospheric values, the latter assumed to be solar), as often observed in young stars.
Finally, we computed the X-ray luminosities, L X , from the spectral model in the energy range of 0.3-10.0 keV, assuming a distance of 140 pc (DeWarf et al. 2003 and references therein).
Results

Light curves
We first present the X-ray light curve of AB Aur in Fig. 1 . We have co-added counts from both EPIC MOS detectors after background subtraction. The background contribution to the total light curve was in fact negligible except during the final 5 ks when a background flare occurred that reached ≈ 50 % of the total count rate. The observed variability can therefore not be attributed to imperfect background treatment but is intrinsic to the stellar source. We see slow variability on time scales of about one day, by somewhat less than a factor of two. In the variability analysis of the XEST sources presented by Stelzer et al. (2006b) , the variablity of AB Aur was confirmed by the Kolmogorov-Smirnov test. No significant trend is seen in the hardness, defined as the ratio between the count rates in the hard (1-4 keV) and the soft (0.3-1 keV) band. We have fitted the light curve with a sine function which is also plotted in Fig. 1 . The fit is excellent (χ 2 = 12.9 for 22 dof) with a period of 42.2
−3.7 hr in the total band (in the soft and hard band we find 48.5 was found previously for the He  and Mg  lines (see discussion below).
We have studied the light curve variability with a statistical test to assess the presence of a flare in the last 30 ks, where an increase in the count rates can be seen, particularly in the hard and total light curves (second and third panel in Fig. 1 , respectively). We first tested our data against a constant countrate model using the χ 2 -statistic. We find the probability for this part of the light curve to be constant, P(const)=0.73 for the total band, and P(const)=0.30 for the hard band. As a second test, we used the Kolmogorov-Smirnov statistic, to obtain P(const)=0.09 and P(const)=0.07 for the total and hard light curves, respectively. The variability of the last 30 ks in the light curves is thus at best marginal.
Spectra
Fig. 2 compares the background-subtracted EPIC MOS spectra of AB Aur and SU Aur. A number of differences are obvious. The spectrum of SU Aur reveals signatures of a very hot coronal plasma, with outstanding lines of Mg , Mg , Si  and, most notably, the Fe K complex mostly due to Fe  at 6.7 keV. A steep drop toward the lowest energies indicates considerable photoelectric absorption. In contrast, the AB Aur spectrum falls off rapidly above 1 keV, showing its peak flux around 0.7-0.9 keV. This flux peak is mainly due to lines of Fe . These spectral properties point to a cool source for AB Aur, and the shallow fall-off toward low energies indicates rather low photoelectric absorption. Fig. 3 shows fluxed, co-added RGS1+2 spectra of SU Aur (top) and AB Aur (bottom) in the line dominated region. The spectra have been rebinned to a bin width of 0.042 Å for AB Aur and 0.035 Å for SU Aur. These spectra further corroborate the differences between the two X-ray sources. While SU Aur reveals a strong continuum, indicating a hot source, there is little evidence for continuum emission in AB Aur. Further, the flux ratio between the Ne  Lyα line at 12.1 Å (formation temperature 6.3 MK) and the Ne  resonance line at 13.44 Å (formation temperature 4 MK) is considerably higher in SU Aur than in AB Aur, again emphasizing the dominance of hot plasma in the former. The Ne  line feature at 13.5 Å in SU Aur is dominated by Fe , which is formed at higher temperatures (formation temperature 7.9 MK). Two further features are striking: First, the Fe lines of SU Aur are very strong, dominating the spectrum and comparable in flux with the O  Lyα and the Ne  Lyα lines (although the O  line is partly suppressed by photoelectric absorption). Such line ratios are unusual among very active, mainsequence solar analogs where Fe line fluxes are modest due to low Fe abundance (Telleschi et al. 2005) . We thus anticipate an unusually high abundance of Fe in this spectrum. The second feature of interest here is the unusually high flux of the O  lines of AB Aur, despite some photoelectric absorption that suppresses the flux at these wavelengths. The total O  flux appears to be similar to the flux in the O  Lyα line, which is a property of very inactive stellar coronae with temperatures of 3-5 MK (Telleschi et al. 2005) . The feature at 18.5 Å is neither coincident with the O  Heβ line nor due to contamination by the O  Lyα line of SU Aur. Those two line features would both be slightly but significantly longward of this wavelength, namely at 18.6 Å. The 18.5 Å feature is due to a 3σ spike exclusively in the RGS2 detector and is therefore spurious. The O  lines are not present in the spectrum of SU Aur due to considerable photoelectric absorption.
Thermal structure
We now present the numerical results of our spectral fits to these data. Table 4 lists the numerical results for both models and both stars. In Figure 4 we plot the data together with the best fit of the EMD model for AB Aur 1 . We define the average coronal temperature, T av , as the logarithmic average of all temperatures used in the model, applying the corresponding EM as weights. This measure corresponds to the electron temperature itself for an isothermal plasma. For a continuous EMD as discussed here, T av represents a temperature grossly characteristic of the spectral shape. This is also true for multi-component plasma (e.g., 2-T or 3-T plasmas) although there might be no plasma present at T av itself. This also occurs when 1-T fits are made to low-quality coronal spectra.
Both the multi-temperature and the EMD models provide similar results: T av and the X-ray luminosities are similar. The 2T or 3T -model fits and the EMD model fits show similar χ 2 values, and are therefore of statistically equal quality. Most of the abundance values agree between the two methods, confirming the robustness of our results.
For AB Aur we report the results for EMD models with α fixed at 2 and with α free (second and third columns of Table 4 , respectively). The peak temperature T 0 increases from 4.4 MK for α fixed at 2 to 6.3 MK for free α. However, the main results are in very close agreement for the two approaches: the abundances are consistent within the error bars, the X-ray luminosities are essentially unchanged, and T av is only slightly smaller when we fit α. This suggests that the two solutions are equivalent. On the other hand, the errors are larger if α is a free fit parameter (except for the Mg abundance). Therefore, and for consistency with the fits of the EPIC spectra in the XEST survey, we use the results from the EMD fit with α fixed at a value of 2.
The N H value for SU Aur was found to be N H = (3.1 − 3.2) × 10 21 cm −2 , which agrees well with the result reported by Skinner & Walter (1998) from an ASCA observation, N H = 2.8 × 10 21 cm −2 and is only somewhat higher than expected from A V = 0.9 mag (Kenyon & Hartmann 1995) .
The results confirm the peculiar thermal structure of the AB Aur source. The average temperature from the 2-T fit is to 4.7 MK, while the EMD model peaks at 4.4 MK and rapidly falls off toward higher temperatures, with a power-law slope of -1.9. Such low temperatures are unusual for coronae of young stars where temperatures in excess of 10 MK are usually found. An example is SU Aur: The 3-T model shows the largest amount of EM at the highest temperature at ≈ 40 MK, with T av ≈ 23 MK. Again, the EMD model supports this finding, where we find T 0 at 7.7 MK beyond which the EMD is nearly flat, resulting in an average temperature of 20 MK. Franciosini et al. (2006, in preparation) have analyzed the same RGS spectrum of SU Aur . 3 Fitted with α being a free parameter. 4 Held fixed at value found in the XEST survey . 5 Element abundances are with respect to solar values given by Anders & Grevesse (1989 , Grevesse & Sauval 1999 for Fe). 6 Total EM integrated over temperature bins between log T = 6 − 7.9 [K] (see Güdel et al. 2006 for more details). 7 Determined in the 0.3-10.0 keV band. 8 Determined in the 0.1-10.0 keV band. using a line-based analysis to derive the EMD from the measurement of individual line fluxes. Their results are consistent with ours: the EMD peaks at T = 10 MK, with an indication of a significant amount of material above ∼20 MK; however, below the peak they find a steeper slope (∼ 3) than adopted here.
Abundances
The element abundances in the X-ray sources are plotted in Fig. 5 . The filled circles designate abundance ratios relative to the solar photospheric mix (Anders & Grevesse 1989; Grevesse & Sauval 1999 for Fe) . The abundances of AB Aur show a nearly flat distribution; neither a strong First Ionization Potential (FIP) effect (i.e., overabundant low-FIP elements) nor a strong inverse FIP effect (i.e., increasing abundances with increasing FIP) is seen, in contrast to the usual findings in young, active stars (e.g., Argiroffi et al. 2004; Telleschi et al. 2006) . Because the emitting material originates, if located in a corona or a stellar wind, in the stellar photosphere, a comparison of the X-ray derived abundances with photospheric values will be important. Fortunately, a few photospheric abundances have been measured for AB Aur (Acke & Waelkens 2004) , and the resulting normalized abun- The renormalized abundance distribution is still ambiguous: the coronal abundance of Fe is higher than the photospheric value, but a clear FIP dependent abundance distribution is not visible.
The derived abundances in the SU Aur source are atypical for young, active stars and T Tau stars. Their X-ray sources usually show a well-expressed inverse FIP effect (e.g., Telleschi et al. 2006; Argiroffi et al. 2004 ). In contrast, SU Aur shows O and Ne abundances clearly lower than Fe, which is a defining signature of a solar-type FIP effect. As suggested earlier, the absolute Fe abundance is quite high (0.67-0.81 times the solar photospheric value). Such high values are usually reported for relatively inactive stars, while magnetically active stars reveal much greater depletion of Fe (Telleschi et al. 2005; ).
Luminosities
The only previous report on X-ray emission from AB Aur that we are aware of is by Zinnecker & Preibisch (1994) . This allows us to study possible long-term changes in the X-ray output. Zinnecker & Preibisch (1994) give an X-ray luminosity of (0.3 ± 0.09) × 10 30 erg s −1 in the energy range 0.1-2.4 keV. In contrast, we find L X ≈ 0. (1994). We note, however, that Zinnecker & Preibisch (1994) estimated L X directly from count rates, using a conversion factor applicable for a temperature of 1 keV and an N H corresponding to A V = 0.65 mag. Modeling the ROSAT count rate for N H , kT and abundances found from our spectral analysis still results in only (0.3 − 0.4) × 10 30 erg s −1 in the 0.1-2.4 keV range. AB Aur was in a more active state during our observation, but this source is slowly variable on time scales of hours ( 
Variability of spectral-fit parameters
In view of the sinusoidal variation of the X-ray count rate in Fig. 1 , we tested which spectral fit parameters are mainly responsible for the modulation. We restricted this study to the combined EPIC MOS1+2 data because the RGS signal becomes too weak if the data are split. We first fitted the entire MOS data set with two thermal components to obtain a fit very similar to the one reported in Table 4 , apart from some deviations in the element abundances (most of which are difficult to derive from MOS, in particular O and Ne, given the modest resolution and severe blending). We then split the observation into "high state" (first half) and "low state" (second half). Starting with the above model fit, we tested whether i) an adjustment of N H (variation due to selective absorption), ii) a renormalization of the emission measures by a common factor (variation of L X ), or iii) some changes in all of N H , kT , and EM are required. A variation of N H could clearly be excluded. This is supported by Fig. 1 that shows that the hard photons vary in concert with the soft photons, while they are not significantly affected by the weak photoelectric absorption. To quantify this, we measured the amplitude of the sine function relative to the "zero level" in each light curve and found them to be the same in each energy range, within the errors. No significant changes in kT were required, while a simple renormalization of the EMs by a common factor produced perfect fits. We conclude that the variation of the X-rays are either due to an intrinsic change in the luminosity with other plasma parameters remaining equal, or due to an energy-independent filtering of photons (e.g., due to partial eclipses by the star).
He-like triplets, densities and the radiation field
We now discuss the helium-like line triplet of O  for AB Aur. The flux ratio between the forbidden and the intercombination lines at 22.1 Å and 21.8 Å, respectively, is density-sensitive roughly in the range of electron densities between 10 10 cm −3 and 10 12 cm −3 (Gabriel & Jordan 1969) for the following reason: if the electron collision rate is sufficiently high, electrons in the upper level of the forbidden transition, 1s2s 3 S 1 , do not return to the ground level, 1s 2 1 S 0 , instead they are collisionally excited to the upper levels of the intercombination transitions, 1s2p 3 P 1,2 , from where they decay radiatively to the ground state. They thus enhance the flux in the intercombination line and weaken the flux in the forbidden line. However, photons in a UV radiation field may excite the same transition. The relevant photon energies correspond to the energy difference of the two upper states, and this corresponds to a wavelength of 1630 Å for the O  triplet. The UV radiation field is thus important for stars with T eff of about 10 4 K and more. Because T eff of AB Aur has been quoted to be around 10 4 K (Table 1) , we need to consider the radiation term. We follow Blumenthal et al. (1972) for a rough estimate. The measured ratio R = f /i of the forbidden to the intercombination line flux can be written as
where R 0 is the limiting flux ratio at low densities (R 0 ≈ 3.85 for O  at the maximum formation temperature), N c is the critical density at which R drops to R 0 /2 (N c ≈ 3.4 × 10 10 cm −3 for O ), and φ c is the critical photoexcitation rate. The influence of the radiation field is given by
where the radiation field energy density is given by Planck's equation,
in which we have introduced a geometric dilution factor (e.g., Mewe & Schrijver 1978) ,
where R is the stellar radius and d is the distance of the source from the center of the star (see also Ness et al. 2001 for a more detailed presentation). At the surface, W = 0.5. Further, in Eq. (3), the A terms are the spontaneous transition probabilities, (8.12 × 10 7 s −1 and 1.04 × 10 3 s −1 , respectively, after Blumenthal et al. 1972) and F is an expression that we approximate by adopting the maximum line formation temperature for O  (≈ 2 MK), which yields F = 0.42 for this ion (Blumenthal et al. 1972) . We have also assumed that the radiation field exactly corresponds to the stellar photospheric T eff .
In a thermal plasma, the flux of the resonance line, r, is larger than the flux of the forbidden line, f , and under conditions relevant to us, namely T > 1.5 MK, also the sum of f + i is smaller than r, G = ( f + i)/r < 1 (the "G ratio", see, e.g., Porquet et al. 2001) . The considerable errors in our measurements make the extraction of individual lines and the separate treatment of R and G problematic. To obtain self-consistent R and G while fulfilling other conditions from the spectral fit to the entire spectrum, we proceeded as follows. We adopted the optimum parameters from the 2-T fit and kept all parameters fixed, except for the electron density and (for slight adjustments to the total O  line flux) the emission measure of the cooler component. The thermal structure thus sets a requirement on G (Porquet et al. 2001 ) and also fixes the faint continuum required by other lines. We then performed a fit only to the spectral range around the O  triplet, in the wavelength interval 21.4-22.4 Å.
We first assume a negligible influence of the radiation field, i.e., we assume that f /i is controlled by the electron density. Our fit procedure makes use of the implementation of the Helike triplet calculations in XSPEC's vmekal code. Varying the electron density changes both the i and f flux until a best fit is obtained. We performed this procedure for various data binning schemes, using bin widths of 45 mÅ or 56 mÅ. Each time, the best-fit density converged to values below the low-density limit for O  (n e < ∼ 10 10 cm −3 , corresponding to R = R 0 ). We then varied n e to find the 68% and 90% upper limits. These themselves fluctuated for different binning schemes; for the average 90% upper limit, we find n e,max,90 ≈ (1.3 ± 0.4) × 10 11 cm −3 , corresponding to the measured f /i = 0.95. For the 68% errors, we find n e,max,68 ≈ (4.2 ± 1.2) × 10 10 cm −3 , corresponding to f /i = 2.41. Fig. 6 shows the fit for the low-density limit (solid histogram), and the 90% upper limit (dotted histogram). The strong f line clearly requires a low-density environment; the 90% limit, while formally acceptable, requires i > f , unlike the data. The densities suggested here, n e < 10 11 cm −3 , are typical of stellar coronae (e.g., Ness et al. 2001) .
We now consider the influence of the radiation field. UV radiation will lower the f /i ratio and thus simulate higher densities, i.e., the electron densities reported above are overestimated (Eq. 2). We now assume that the f /i ratio is not suppressed by high electron densities and ask how far the source must be from the star in order to show the observed f /i ratio. For 6 . Fit of the O  triplet using variable electron density. The solid histogram gives the best fit (n e < 10 10 cm −3 ), while the dotted histogram is for the 90% upper limit to n e (n e < 1.3 × 10 11 cm −3 ).
T eff = 10050 K (Table 1) , we find from Eq. (2)- (5), that the 68% upper limit ( f /i = 2.41) is attained at d = 4.6R, whereas the 90% upper limit ( f /i = 0.95) requires d > 2.1R. For T eff = 9500 K reported by van den Ancker et al. (1998), the 68% upper limit corresponds to d = 3.6R and the 90% upper limit to d = 1.7R. For a given R ratio, the origin of most of the emission must fulfill these requirements, but some contributions from closer to the star are not excluded. We have assumed here that the radiation temperature is identical to T eff which, due to spectral modifications, may be inaccurate. Ness et al. (2001) found, for the relevant radiation at 1630 Å, T rad several hundred K below T eff for nearby F and Gtype stars, while Ness et al. (2002) reported T rad about 300 K below T eff for the B8 star Algol (T eff = 13000 K). But even if we adopt T rad = 9000 K for AB Aur, we still require d > 2.8R and d > 1.3R for the 68% and the 90% limit of the f /i ratio.
Thus we find that the electron density in the source must not exceed a few times 10 10 cm −3 (about 10 11 cm −3 for 90% upper limit) and the majority of the source plasma must not be closer to the stellar center than (1.3 − 2.1)R, depending on the exact temperature of the radiation field.
Discussion
In Table 1 we have listed the basic properties of AB Aur and we have compared them with those of the CTTS SU Aur and HD 163296, a Herbig star that has been reported to have a soft spectrum (Swartz et al. 2005) .
The similarity between AB Aur and HD 163296 is striking. The stars not only have very similar fundamental properties, but their X-ray properties are also very similar. In contrast, SU Aur, a relatively massive but markedly later-type classical T Tau star, shows X-ray properties very different from the Herbig stars, although these properties are typical of T Tau stars .
We now discuss various models for X-ray production proposed in the literature and compare predictions made by these models with our spectroscopic results. We follow the format of the discussion in Skinner & Yamauchi (1996) .
Atmospheric and wind structure
Numerous optical and ultraviolet spectral observations of AB Aur have converged to a wind+chromosphere model in which an expanding wind overlies an extended, hot chromospheric layer. The latter has a height of about 1.5R, with a temperature peak of 1.7 × 10 4 K (Böhm & Catala 1993) . Praderie et al. (1986) and Catala et al. (1986) discovered periodic modulation in the Mg  and O  lines, although the periods disagreed, the period of Mg  being 45 hr and the period of O  being near 32 hr. The latter was identified with the stellar rotation period, implying formation of O  close to the star, while Mg  forms further away from the star (in its wind at several R) and may therefore be modulated by the rotation period of the envelope at that distance. The modulation was suggested to be due to a non-axisymmetric wind in which fast and slow streams alternate. Magnetic fields would then provide a possible explanation for this wind structure. Hightemperature lines of N  and O  were detected by FUSE, in AB Aur (Bouret et al. 1997; Roberge et al. 2001 ) and the similar HD 163296 (Deleuil et al. 2005) , and these were interpreted as originating from shocks formed when the fast and slow winds collide (Bouret et al. 1997 ). The same model could also produce X-rays in a layer close to the star (0.05R above the surface, Bouret et al. 1997 ). However, the f /i ratio that we measured in the X-ray spectrum suggests that the X-rays are formed at distances d > 1.3 R from the center of the star (for T rad > 9000 K). Alternatively, N  and O  could also be produced in a wind shock along with X-rays in the model by Babel & Montmerle (1997) described below. Catala et al. (1999) extended periodicity studies to photospheric lines and found that the amplitudes of the red emission components are modulated with a period of 43 hr, whereas the velocity of the blue absorption components is subject to a 34 hr period. Further, the HeI D3 line shows red and blue components that are both modulated with a period around 45 hr (red in amplitude, blue in velocity). These authors interpreted the blue HeI D3 components as originating from an equatorial wind, whereas the photospheric blue absorption would come from high-latitude photospheric regions with radial flows, indicating a shorter period at high latitudes than near the equator. Finally, all redshifted components would be due to polar infall. Their 43-45 hr period remains unexplained, but the infall may be magnetically linked to outflows at lower latitudes. Alternatively, the 45 hr HeI (blueshifted) outflow signatures may originate from a magnetic disk wind, indicating an anchor point of the magnetic fields at 1.6R (Catala et al. 1999) .
The above interpretation is subject to one caveat, namely the assumed high inclination angle (70
• in Catala et al. 1999 ). Adopting a radius of 2.3 R (Table 1) , v sin i = 80 km s −1 (Böhm & Catala 1993, Table 1) , and the extreme value of i = 70
• (see also references in Corder et al. 2005) , we find P = 33 hr, in agreement with the 32-34 hr period reported from O  and blue photospheric absorption (for i = 90
• , the maximum rotation period is 35 hr). However, recent observations have strongly revised the disk inclination angle and now suggest i ≈ 21.5
• (Corder et al. 2005 and further references therein). This suggests P = 12.9 hr. The 32-34 hr stellar rotation period could only be maintained if the disk and stellar axis were grossly mis-aligned.
Our X-ray light curve period of 42.5 ± 4 hr perfectly agrees with the period in Mg  and He I, i.e., components formed in the chromosphere at the wind base and in the wind itself, but is clearly not compatible with the rotation period based on v sin i measurements with i ≈ 21
• , or the photospheric blue absorption components. We thus tentatively conclude that the X-ray production may be related, in some way, to the wind.
Wind shocks
In hot stars, shocks are driven by instabilities in line-driven winds (see, for example, Feldmeier et al. 1997a for a review). The electron temperature of AB Aur's X-ray source is similar to those measured in O stars (Feldmeier et al. 1997a ). The important parameter for shock instability is the Eddington parameter (Castor et al. 1975) where we set the electron mass scattering coefficient σ e = 0.4 cm 2 g −1 , and M is the stellar mass. We thus obtain Γ = 5.6 × 10 −4
1. Under these circumstances, the wind cannot be radiation-driven, which makes the instabilityshock hypothesis unlikely.
On the other hand, Zinnecker & Preibisch (1994) have suggested that the wind slams into dense molecular material in the ambient medium. Using an average wind velocity of Catala & Kunasz (1987) , v w = 225 km s −1 , and the wind mass loss rate reported by Skinner et al. (1993) ,Ṁ w = 1.1 × 10 −8 M yr −1 from radio observations, we derive a "kinetic luminosity"Ṁ w v 2 w /2 ≈ 1.8 × 10 32 erg s −1 . That means that only about 0.3% of the available wind energy needs to be dissipated in shocks to produce the X-ray luminosity.
However, the observed systematic variability of the X-ray source on time scales of several hours makes models based on very-large-scale shocks as well as on many distributed shocks in the wind of a single star unlikely. This echoes the conclusions by Skinner et al. (2005) who summarize observations of X-ray variability in O stars. Although Feldmeier et al. (1997b) proposed variability owing to colliding shells in the O-star wind, the time scales for such collisions would be shorter (of the order of 500 s).
Magnetically-confined winds
Although strong magnetic fields are not expected on Herbig stars given their predominantly radiative interior, large-scale fossil magnetic fields from the stellar formation process could still be trapped in the star. There have been a number of investigations that studied the consequences of ionized winds trapped in largescale stellar magnetic fields. Havnes & Goertz (1984) presented a model of a global stellar magnetosphere which is fed by a wind from the stellar surface. They considered a magnetic field with a dipole configuration, where plasma is confined by closed magnetic field lines. Close to the stellar surface, where the gravitational forces exceed the centrifugal forces, the density is low, while it increase further out. The temperature also increases, possibly to coronal temperatures, at 5-10 stellar radii. The outward transport of plasma takes place by events where the magnetic lines are broken due to excessive density. The energy input in the corona from rotation is given byĖ
where Ω is the angular velocity. This can be rewritten asĖ
, R is in cm and the rotation period of the star P d is in days). The parameters L 1 and L 2 are the distances to the inner and outer edges of the X-ray emitting region in units of the stellar radius. Both L 1 and L 2 are a function of the mass loss, the magnetic field and the rotation period, and are therefore difficult to estimate. Havnes & Goertz (1984) estimated these values to be L 1 = 15 and L 2 = 20, for a hotter and more massive star. Even if we cannot constrain these two values, we expect that (L 2 2 − L 2 1 ) will be larger than 1, so that we obtainĖ ≥ 4 × 10 31 erg s −1 , i.e., enough to produce the observed L X .
In another model, Usov & Melrose (1992) considered the wind zone (open field lines) outside the corotating magnetosphere (dead-zone). According to their model a current sheet is formed in the equatorial plane outside the dead zone that separates regions with opposite directions of the magnetic field. The authors estimated the temperature and the energy released in the current sheet, assuming bremsstrahlung as a cooling agent. Assuming a surface magnetic field strength of 100 G (see recent measurements on Herbig stars by Hubrig et al. 2004) , the abovė M w , an average wind velocity of v w = 225 km s −1 (Catala & Kunasz 1987; Skinner et al. 1993) , and a radius of 2 − 4 R , we find for the two parameters ξ and η in their Eqs. (5) and (23), ξ 1 and η ≥ 1, respectively, and therefore, from Eq. (25) in Usov & Melrose (1992) , an X-ray luminosity of 1.1×10 30 erg s −1 . Their Eq. (20) predicts an electron temperature of T ≈ 6 × 10 7 (v w /10 8 cm s −1 ) 2 ≈ 3 × 10 6 K. These parameters are again in good agreement with our measurements.
Finally, Babel & Montmerle (1997) considered the wind shock inside the magnetosphere that emerges when the magnetically guided winds from the northern and the southern hemispheres collide in the equatorial plane. They predict a shock temperature of T s = 1.13 × 10 5 (v w /10 7 cm s −1 ) 2 ≈ 0.5 − 1 MK for v w = 200 − 300 km s −1 (extreme values reported by Catala & Kunasz 1987) . Magnetically guided winds develop shocked equatorial "disks" only if the magnetic fields are sufficiently strong for confinement. For this, the (equatorial) wind confinement parameter, η = B 2 R 2 /(Ṁv w ) must be at least unity (udDoula & Owocki 2002; note that B is the surface magnetic field). With our stellar parameters (Table 1) and B = 100 G, we find η ≈ 20, and hence wind shocks can develop. The temperatures provided by this model are nevertheless too low with respect to the observations. In summary, wind-fed magnetospheres may be promising to produce the observed X-ray emission, although details of the magnetic field arrangement and the wind-field interactions would need further elaboration for the specific case of AB Aur.
Accretion-induced X-rays
Accretion has recently gained some attention as a possible contributor to X-ray emission in classical T Tau stars. Accretion shocks at the base of magnetic funnel flows may reach high temperatures, and high densities (of order 10 13 cm −3 , Ulrich 1976). In standard accretion shock models, the shock heats up to a few times 10 6 K, with the ensuing X-rays heating the underlying photosphere to produce an UV excess (Calvet & Gullbring 1998) . Lamzin (1999) concluded that a typically small fraction of the X-rays escape from the shock that can be seen in soft X-rays. However, it will be important to estimate whether the shock is above the photosphere at all and therefore visible, and this is not normally the case for T Tau stars with average accretion characteristics (Calvet & Gullbring 1998) . Little variability should be seen in L X or the electron temperature in shocks (Lamzin 1999). Kastner et al. (2002) have proposed accretioninduced X-ray production for the unusually soft X-ray emission and the high densities measured in the spectrum of the classical T Tau star TW Hya. In analogy, Swartz et al. (2005) suggested the same scenario for the soft spectrum of the Herbig star HD 163296 (Table 1) , but high-resolution X-ray spectroscopy was not available for this star.
A further argument in favor of an accretion model was brought up by Stelzer & Schmitt (2004) who argued that TW Hya's anomalously high abundances of Ne and N support an accretion scenario; depleted metals would condense onto grains in the disk, leaving gas enriched in certain other elements, and this gas would eventually accrete onto the star. However, refering to Ne/Fe and N/Fe abundance ratios, there are also evolved stars and non-accreting pre-main sequence stars that reveal high values for these ratios (see Güdel 2004 for a review). As for the Ne/O abundance ratio, Drake et al. (2005) indeed found it to be unusually high in TW Hya compared to other stars. However, such a high Ne/O abundance ratio has so far been measured only in TW Hya. In other accreting and non-accreting stars, this ratio is found to be half as high as in TW Hya (see for example Argiroffi et al. 2005; Robrade & Schmitt 2006; Telleschi et al. 2006) , and consistent with values of a large sample of late-type stars Telleschi et al. 2005) . Drake et al. (2005) suggested that the anomalous Ne/O abundance in TW Hya is determined by the higher degree of metal depletion in this older star. This ratio can therefore not in general be used as an accretion signature in young and less evolved TTS.
What do we know about accretion in Herbig stars? Evidence for accretion from a disk is rather indirect. The temperature of the photosphere that is heated by infalling material is very similar to the undisturbed photosphere (Muzerolle et al. 2004 ). There has been some evidence for mass inflow in Herbig stars from redshifted absorption components in optical lines (Sorelli et al. 1996; Natta et al. 2000; Catala et al. 1999) , but the interpretation is model-dependent, withṀ possibly exceeding 10 −7 M yr −1 (Sorelli et al. 1996) . Blondel et al. (1993) suggested that hydrogen Lyα lines in Herbig stars are due to infalling gas, although no signatures were found for AB Aur. Grady et al. (1999) discussed evidence for infalling gas in the case of AB Aur. Muzerolle et al. (2004) interpreted Balmer and sodium profiles based on magnetospheric accretion models to conclude thaṫ M ≈ 10 −8 M yr −1 for the Herbig star UX Ori and, for a larger sample of stars, that excess fluxes in the Balmer discontinuity implyṀ < ∼ 10 −7 M yr −1 . However, the Balmer discontinuity excess has been measured to be 0±0.1 mag in AB Aur (Garrison 1978) , at best implyingṀ ≈ 10 −8 M yr −1 (after Muzerolle et al. 2004 ). This is supported by measurements by Böhm & Catala (1993) who findṀ < ∼ 7.5 × 10 −8 M yr −1 . Catala et al. (1999) find explicit evidence for near-polar downflows in AB Aur with velocities of about 300 km s −1 , leading to estimates forṀ of a few times 10 −9 M yr −1 (see also . The accretion model is specifically favored for AB Aur by the measurements of the red component of the He I D3 line by Catala et al. (1999) . They found a periodicity in the redshifted line amplitude of 42-45 hr, i.e. very close to the period that we measure in the X-ray light curve.
We first need to check whether an accretion rate of ordeṙ M ≈ 10 −8±1 M yr −1 suffices to explain the observed X-ray output if the latter is indeed generated by accretion shocks. The accretion luminosity, assuming that the disk is truncated at the corotation radius (≈ 2 R from the center of the star for AB Aur),
(similar values were reported for HD 163296 given the very similar parameters for this star and AB Aur -see Table 1 , Swartz et al. 2005 ). We conclude that there is sufficient accretion energy available to produce the X-rays.
We now estimate what an accretion model would predict for X-ray production on AB Aur. The expected shock temperature is, from the strong-shock conditions, T = 3v 2 µm p /16k where the upstream flow velocity is approximately equal to the freefall velocity, v ff = (2GM/R) 1/2 (ignoring centrifugal forces if mass is guided along rotating magnetic fields), m p is the proton mass, and µ ≈ 0.62 for a fully ionized gas. We thus find
and with the parameters in Table 1 , T ≈ 6 MK, in good agreement with our measurements.
To estimate the shock density, we use the strong-shock condition n 2 = 4n 1 where n 1 and n 2 are the pre-shock and post-shock densities, respectively. We first estimate n 1 from the total mass accretion rate and the estimated accreting area on the surface: M ≈ 4πR 2 f v ff n e m p where f is the surface filling factor of the accretion flows, orṀ −8 ≈ 1 × 10 −11R3/2M1/2 f n 1 . We thus find
We adoptṀ −8 = 1, which seems to be a reasonable value based on the findings summarized above, and which is similar to accretion rates of less massive T Tau stars. For typical filling factors as discussed by Calvet & Gullbring (1998) , i.e., f = 0.1 − 10%, we find n 2 ≈ 10 12 − 10 14 cm −3 . Although these are densities similar to those measured on the T Tau star TW Hya, the O  triplet we see in AB Aur requires densities about 100 times smaller. This could only be achieved by loweringṀ to about 10 −10 M yr −1 or by increasing the accretion area to essentially the entire stellar surface. The former possibility is not supported by (at least tentative) measurements of limits toṀ, as summarized above. Accretion onto the entire stellar surface is unreasonable given that the star accretes from a disk, and a wind is present (e.g., Praderie et al. 1986 ).
We have not yet considered the radiation field of the A star. As shown in Sect. 5, a minimum distance of 1.3 − 2.1R from the center of the star is required for the X-ray source to be compatible with the observed O  f /i flux ratio. One way out is that the shocks are sufficiently shielded from UV radiation. It is not clear, then, how X-rays can escape without any absorption in addition to the circumstellar photoelectric absorption that agrees well with the optical extinction from circumstellar dust. This absorption is in fact extremely low in AB Aur, compared to other young stars in the Taurus-Auriga molecular cloud .
In summary, then, certain properties of X-ray production in accretion shocks may well be explained by simple shock models, but there are serious problems with this explanation, in particular related to i) the radiation field, ii) the low densities measured in the O  triplet and iii) the lack of any excess absorption. There is also little support with regard to selective condensation of metals onto grains in the accretion disk. The abundance of Fe, thought to be among the elements that condense easily onto grains (Stelzer & Schmitt 2004) , is higher in the X-ray source than in the photosphere (Acke & Waelkens 2004) .
Coronal X-rays
Coronae provide the standard explanation for X-rays from stars of spectral type F and later, because these stars maintain an outer convection zone that drives a dynamo. AB Aur is, however, a late-B or early-A type star.
Models of Herbig stars have indicated that a transient shell in which deuterium is burned may develop in Herbig stars, although this occurs preferentially in the later-type Herbig Ae stars (Palla & Stahler 1993) . The calculations of Siess et al. (2000) of pre-main-sequence evolutionary tracks also predict the presence of a thin convective layer in young AB stars. Using their evolutionary model, we obtain for AB Aur a thin convection zone of 0.2% of the stellar radius.
The situation resembles that of mid-to-late A type stars and early-F type stars on the main sequence. Although some of these stars are X-ray sources, they are clearly subluminous compared to later-type stars (if normalized with L * ) despite their often rapid rotation, and the X-ray spectra are soft (Panzera et al. 1999 ). It appears that the thin convection zones of these stars are unable to maintain vigorous magnetic dynamos, resulting in soft, solar-like coronae. A similar situation may apply to Herbig stars like AB Aur.
The average temperature of AB Aur is similar to T av of moderately active main-sequence solar analogs (G2-5 V), such as π 1 UMa, χ 1 Ori, and κ 1 Cet (Telleschi et al. 2005) . Assuming that AB Aur reveals a similarly structured corona, we expect that L X scales with the surface area. Adopting R = 2.3R for AB Aur, its L X would be ≈ (5 − 6) × 10 29 erg s −1 , in agreement with the observations. We also note that the densities derived from the O  lines are in good agreement with measurements reported for numerous coronal sources (Ness et al. 2004) . Finally, the modulation of the X-ray light curve observed in Fig. 1 could be due to rotation and is thus also consistent with the coronal hypothesis.
Tout & Pringle (1995) have proposed a non-solar dynamo that could operate in rapidly rotating A-type stars based on rotational shear energy. The model predicts, for the time development of the X-ray emission from the associated corona,
where L X,0 is a quantity that depends on stellar mass, radius, the amount of differential rotation in the stellar interior, the breakup velocity, the coronal heating efficiency, and the efficiency of magnetic field generation. Following the argumentation and the choice of constants given in Skinner et al. (2004) and Tout & Pringle (1995) , we find L X,0 ≈ 1.6 × 10 31 erg s −1 . For AB Aur, Eq. (3.15) in Tout & Pringle (1995) gives, using the same default parameters, t 0 = 6.3 × 10 5M−1/2R3/2 yr ≈ 1.5 × 10 6 yr. Given the star's age of 4 Myr (DeWarf et al. 2003) , we expect L X ≈ (3−4)×10 29 erg s −1 . Using our updated parameters for AB Aur, we thus confirm the conclusion by Skinner et al. (2004) that this model provides very good agreement with the observations of AB Aur, although this is not true for most other Herbig stars. As the star evolves, the X-ray generation would rapidly decay further.
We found a coronal Fe abundance that is at least equal to the photospheric abundance. This is again consistent with a coronal model. In more evolved magnetically active stars, the Fe abundance generally increases toward lower activity and becomes comparable with the photospheric abundance in inactive stars .
We note, however, that centrifugal forces exceed gravitational forces at a distance of 1.68 R from the center of the star according to parameters in Table 1 and assuming an (unconfirmed) rotation period of 12.9 hr. For equatorial magnetic fields, then, the coronal radius must be less than 1.68 R, otherwise the loops will be unstable (Collier Cameron 1988) . This condition is only in marginal agreement with the lower limit to the source size from the f /i ratio (Sect. 5) unless P rot is larger.
X-rays from a companion?
A majority of stars form in multiple systems, and this is particularly true for Herbig stars (Feigelson et al. 2003) . A companion may therefore also be responsible for the observed X-ray emission in AB Aur. Such a companion would most likely be a T Tau star. Recently, Stelzer et al. (2006a) have studied a sample of 17 Herbig Ae/Be stars with Chandra, concluding that at least in 7 stars the X-rays could originate from an unresolved companion. Only 6 stars are found to be X-ray emitters with no visual or spectroscopic detection. Furthermore, the X-ray properties in this stellar sample are very similar to X-ray properties of CTTS. Behar et al. (2004) postulated that the X-ray emission detected from the late-type B star µ Lep in fact originates from an unknown pre-main-sequence companion, given the high f /i ratio measured in its spectrum. For AB Aur, the f /i ratio requires the bulk X-ray emission to originate at r > 1.38R. This would be fulfilled if the X-ray emission originated from a companion.
Stringent constraints have been discussed in the literature, interpreted and summarized by Piétu et al. (2005) (see their Sect. 5.1, and references therein): Any co-eval companion within 120-1500 AU (0.86-12.5 ) must have a mass < 0.02M . The mass upper limit is 0.25M down to a separation of 0.4 . In the range of 0.07-10 , the upper limit to a companion mass is, from speckle interferometry, 0.05-0.3M . Recently, Baines et al. (2006) reported evidence for binarity of several Herbig stars, including AB Aur. However, they estimated a separation of 0.5-3.0 for AB Aur.
The point-spread function of XMM-Newton does not allow us to distinguish between our target source and potential companions within a few arcsec. We have therefore analyzed an exposure of the region around SU Aur + AB Aur obtained from the archive of the Chandra X-Ray Observatory, revealing much better positional information (obs ID = 3755). Standard data reduction methods and up-to-date aspect corrections were applied. The observation used the ACIS-S detector, with the high-energy grating inserted. It was centered on SU Aur, with AB Aur being located close to the chip edge. Using the wavdetect (wavelet detection) routine in the Chandra CIAO software, we measured the centroid positions of the images of both stars, to find The first high-resolution X-ray spectrum of a Herbig Star: AB Aurigae within the errors of the Chandra attitude solution. 4 Correcting the AB Aur position by the offset of the better determined SU Aur position, the deviation from 2MASS of AB Aur is only 0.16 in RA and 0.03 in declination, which is within the errors of the measurement. We conclude that we have identified AB Aur in X-rays well within 0.5 (at the 3σ level) of the 2MASS position. It is therefore improbable that the source of the Xrays is the companion detected by Baines et al. (2006) , which is thought to have a separation with AB Aur of > 0.5 .
Further arguments favor intrinsic X-ray emission from the Herbig star. In particular, the observed low average temperature is rather uncommon to lower-mass T Tau stars; the latter rather show hot components with characteristic temperatures up to 20-30 MK as, for example, SU Aur but also other CTTS in the XEST survey (Telleschi et al. 2006 ). Very-low mass stars and brown dwarfs do reveal softer spectra with dominant temperatures below 10 MK but their total X-ray luminosities are much below L X measured here for AB Aur (see Grosso et al. 2006 for the brown dwarf sample from the XEST survey).
We also note that the N H value determined in the XEST survey (N H ≈ 5 × 10 20 cm −2 , Güdel et al. 2006 ) is in perfect agreement with the visual extinction measured for AB Aur by Roberge et al. (2001) The most substantial argument against the companion hypothesis is the close coincidence between the X-ray period and the period observed in the lines of the wind of the Herbig star.
Finally, AB Aur and HD 163296 are very similar in both their intrinsic properties and their X-ray properties. If the X-rays indeed originate from nearby T Tauri companions, then the companion of AB Aur would happen to be very similar to the companion of HD 163296.
Taken together, these arguments suggest that the X-rays are not originating from a companion but from AB Aur itself. This is different from flaring, hard sources among Herbig stars for which T Tau companions have recently been identified (see Sect. 1). We therefore suggest that the unusually soft emission is indeed a distinguishing property of genuine Herbig star X-ray emission.
Disk related models
The X-ray luminosities of A and B stars decrease as they approach and reach the main sequence (Stelzer et al. 2006a) ; at the same time the outflow activity is believed to cease and the dense surrounding gas dissipates. That suggests that the X-rays of AB Aur could be related to the presence of the circumstellar disk. Two different models that link the X-ray emission with the presence of the disk have been discussed in the literature: a disk corona and reconnection of magnetic fields that link the star to the disk. We describe these models, although they do not currently make predictions that we can test against our data.
The presence of a disk corona was discussed by Zinnecker & Preibisch (1994) , but very little is known about its generation. The ionization due to the decay of radioactive nuclides could increase the conductivity of the disk to a level high enough to generate a magnetic field. The differential rotation in the disk could then generate a disk corona.
X-ray emission generated by reconnection of magnetic fields linking the star to the disk has been discussed as a model for the X-ray generation mechanism of low-mass protostars (Montmerle et al. 2000) . If the rotation period of the star is not the same as the rotation period of the disk, a magnetic loop connecting the disk with the star will twist and inflate until it comes into contact with itself and reconnects. A similar model could apply to Herbig stars, although we would expect higher, flarelike temperatures due to the reconnection process.
Conclusions
We have presented the first high-resolution X-ray spectrum of an Herbig Ae/Be star, namely AB Aur. The use of high-resolution spectroscopy has allowed us to obtain important spectral information that cannot be addressed with EPIC spectra alone. The O  triplet constrains the electron density and is therefore important for the discussion of the different models. Further, we have been able to reliably determine the abundances of the high-FIP elements O and N. Finally, the O , O  and N  lines permitted us to constrain the cool plasma.
We found the X-ray spectrum of AB Aur to be rather soft, with spectral-fit results that are consistent with a mean coronal temperature of about 5 MK, i.e., much less than the usual temperatures of coronae of low-mass pre-main-sequence stars that usually exceed 10 MK. We found an X-ray luminosity of about 4 × 10 29 erg/s in the 0.3-10 keV range. We derived the abundances and found them not to follow a First Ionization Potential (FIP) distribution, nor an inverse FIP distribution. We normalized the coronal abundances to the new photospheric abundances of AB Aur found by Acke & Waelkens (2004) , who measured a very low photospheric Fe abundance. The Fe coronal abundance then is at least as large as the photospheric value.
The density-sensitive O  triplet has been studied in detail. Although its S/N is moderate, we found that the line flux ratios indicate densities n e < ∼ 10 11 cm −3 , with the best-fit value being at the low-density limit (n e ≈ 10 10 cm −3 ), similar to what is commonly found in stellar coronae (Ness et al. 2004) .
We have discussed several X-ray generation mechanisms, and provided supporting evidence or pointed at problematic features for each of them. First, the probability that the X-ray emission originates from a companion TTS is small. The Xray source is identified within 0.5 of the 2MASS source corresponding to AB Aur in the Chandra image, so that the companion would have a mass < 0.3M according to the constraints given by Piétu et al. (2005) . Such a low-mass star would rarely produce an X-ray luminosity as high as observed for AB Aur. Furthermore, the close coincidence of the period that we have measured in X-rays with the period measured in lines formed in the wind of AB Aur itself makes the companion hypothesis improbable.
Accretion-induced X-ray emission has been widely discussed in the literature. With the observed electron density, this would be possible only ifṀ ≈ 10 −10 M yr −1 , i.e. lower than the value suggested in the literature (Ṁ ≈ 10 −8±1 M yr −1 ), and a filling factor > ∼ 10%. The major problem with this scenario is that the UV radiation field (of the stellar photosphere and the shock itself) would suppress the forbidden line of the O  triplet.
The hypothesis that X-ray emission is generated by shocks in a line-driven wind, similarly to the mechanism that is believed to produce X-rays in O stars, is ruled out by the observed variability and the inability of the radiation field to drive the wind.
Magnetic fields have recently been detected on several Herbig stars (Donati et al. 1997; Hubrig et al. 2004; Wade et al. 2005) . Two further possible mechanisms are fundamentally dependent on the existence of a magnetic field: coronal emission and magnetically confined winds.
Coronal emission of the type seen in the Sun requires the presence of a dynamo. The recent calculations by Siess et al. (2000) predict a thin convective layer for Herbig stars, which in the case of AB Aur amounts to 0.2% of the radius. The question then is whether this thin convection layer would be sufficient to generate the dynamo that results in a corona with the observed X-ray properties. The corona should be quite extended in order to allow the f /i flux ratio in the O  triplet to be larger than unity. This is plausible because the surface gravity of AB Aur is about half that of the Sun.
Magnetically confined winds are a promising alternative, the more so as winds have explicitly been measured (Catala et al. 1999) . There is evidence supporting a model of this kind. The period of the modulation that we measured in the X-ray light curve (42.2 hr, Sect. 4.1) is very close to a modulation period of Mg  lines thought to form in the wind (Praderie et al. 1986 ). Whatever the production mechanism of the X-rays, it is possible to assume that they are closely related to the wind or are produced by it. The advantage of such a model is that X-rays are produced at some distance from the stellar surface, which alleviates the problem of the suppression of the O  f line flux.
In both these models, we encountered a problem when we adopted a stellar inclination angle of i ≈ 21.5
• (Corder et al. 2005) and v sin i ≈ 80 km s −1 (Böhm & Catala 1993) . The rotation period would then be 12.9 hr. This value is significantly smaller than both the Mg  and X-ray period (≈ 42 hr) and the value suggested by Catala et al. (1999) for the rotation period (32-34 hr). Further, in the hypothesis of a stellar corona, the latter should in this case not exceed a height of 0.68 R (the location of the co-rotation radius where centrifugal forces Ωd 2 equal gravitational forces GM/d
2 ) above the surface at the equator, because otherwise centrifugal forces would make the loops unstable (Collier Cameron 1988) . Further, with the adopted small inclination angle, no significant rotational modulation should occur, and the f /i ratio is at risk of being significantly suppressed.
The problems with a wind in a magnetosphere or a corona would be alleviated if the stellar rotation axis were inclined against the axis of the circumstellar disk, or the latter were largely warped between the inner regions and the well-observed outer regions (Corder et al. 2005) . The 33 hr period identified with the rotation period by Catala et al. (1999) would then require a stellar inclination of about 70
• , making partial eclipses of X-ray emitting material, located for example close to the equatorial plane of the star, easily possible. At the same time, azimuthally varying wind velocities would produce the line shift periodicity as reported in the optical and UV (Praderie et al. 1986; Catala et al. 1986 ). However, we have no explanation as to why the rotation axis should be inclined against the disk.
We further note that HD 163296 displays very similar properties to AB Aur (Table 1) , with a soft X-ray spectrum similar to the one that we have found for AB Aur. However, the X-ray properties found for AB Aur and HD 163296 are not common to all Herbig stars. Some of these stars display harder spectra, with temperatures reaching several tens of MK and with larger X-ray luminosities Skinner et al. 2004; Stelzer et al. 2006a) . Given the peculiar properties of the X-rays of AB Aur and the similar HD 163296 (Table 1, Swartz et al. 2005) , namely a very soft X-ray spectrum with a moderate L X , we suggest that these properties are defining properties of X-ray emission intrinsic to Herbig stars, while hard, flaring emission may be due to undetected companions (see Sect. 1, and Sect. 6.6).
